ABSTRACT
INTRODUCTION
LCGreen I is a new fluorescent DNA dye designed to detect heteroduplexes during homogeneous melting curve analysis (1) . Genotyping of SNPs by high-resolution melting analysis in products as large as 544 bp has been reported. Unlike SYBR  Green I, LCGreen I saturates the products of PCR without inhibiting amplification and does not redistribute as the amplicon melts. This allows closed-tube, homogeneous genotyping without fluorescently-labeled probes (2-4), allele-specific PCR (5, 6), or real-time PCR instruments. Heterozygotes are identified by a change in melting curve shape, and different homozygotes are distinguished by a change in melting temperature (Tm).
However, it was not clear whether all SNPs can be genotyped by this method.
SNP genotyping by amplicon melting analysis requires high-resolution methods.
The differences between genotypes are easier to see when the amplicons are short (7) .
Using small amplicons of <50 bps also allows for very rapid thermal cycling (8) -amplification is complete in less than 12 min followed by high-resolution melting requiring less than 2 min.
All possible homozygous and heterozygous genotypes with differences at one base position were studied using engineered plasmids. In addition, assays were developed to genotype the common clinical markers, prothrombin G20210A (9), factor V (Leiden) G1691A (2), methylenetetrahydrofolate reductase (MTHFR) A1298C (10), hemochromatosis (HFE) C187G (11) and β-globin (HbS) A17T (12) as examples for each class of SNP.
METHODS
DNA samples. Most of the samples used in this study were blood specimens submitted to ARUP (Salt Lake City, UT) for routine clinical genotyping of prothrombin, factor V, MTHFR, or HFE mutations. DNA was usually extracted with the MagNa Pure instrument (Roche Indianapolis, IN) according to the manufacturer's instructions.
Additional samples genotyped at the β-globin locus for HbS were provided as dried bloodspots by Pediatrix Screening Inc. (Pittsburgh, PA) and extracted as previously described (13) . All samples were genotyped at ARUP or Pediatrix Screening by melting curve analysis on the LightCycler  (Roche) using adjacent hybridization probe (HybProbe) technology, using either commercial kits (Roche), or in-house methods (2, 11, 12 If alternative products are likely, the 3'-end of one of the primers is shifted one base away from the SNP and the process is repeated until an acceptable pair is found.
Duplex Tms were calculated using nearest-neighbor thermodynamic models described previously (15) (16) (17) (18) (19) (20) (21) (22) LightCycler software was used to calculate the derivative melting curves.
When high-resolution melting was used, amplified samples were heated to 94°C
in the LightCycler and rapidly cooled to 40°C. The LightCycler capillaries were then transferred to the HR-1 high-resolution instrument and heated at 0.3°C/s. Samples were analyzed between 65°C and 85°C with a turn-around time of 1-2 min. High-resolution melting data was analyzed with HR-1 software. In most cases, fluorescence vs temperature plots were normalized as previously described (1, 7). For direct comparison to LightCycler data, derivative plots were used without normalization. All curves were plotted using Microsoft Excel after export of the data.
RESULTS
Melting analysis of short PCR products in the presence of the heteroduplexdetecting dye, LCGreen I, was used to genotype SNPs. Rapid-cycle PCR of short products allowed amplification and genotyping in a closed-tube system without probes or allele-specific amplification in less than 15 min. The primer locations surrounding the six polymorphic sites analyzed are shown in Fig. 1 . The PCR products were 38-50 bp in length and the distance from the 3'-end of the primers to the polymorphic site varied from one to six bases.
The difference between standard and high-resolution melting techniques is shown in Fig. 2 , using derivative melting curves of different factor V (Leiden) genotypes.
Although the heterozygotes can be identified by the presence of a second, low temperature melting transition even with standard techniques, genotype differentiation is much easier with high-resolution methods. All subsequent studies were done at highresolution.
Engineered pBR322 constructs (14) were used to study all possible SNP base combinations at one position. Four plasmids (identical except for an A, C, G, or T at one position) were either used alone to simulate homozygous genotypes, or in binary combinations to construct "heterozygotes". The normalized melting curves of the four homozygotes and six heterozygotes are shown in Fig. 3 . All homozygotes melt in a single transition (Fig 3A) and the order of melting is correctly predicted by nearest neighbor calculations as A/A < T/T < C/C < G/G (22) . Heterozygotes result in more complex melting curves (Fig. 3B) arising from contributions of two homoduplexes and two heteroduplexes (7)). Each heterozygote traces a unique melting curve path according to the four duplex Tms. The order of melting is again according to nearest neighbor calculations (A/T < A/C < C/T < A/G < G/T < C/G) using the average of the two homoduplex Tms. The six heterozygote curves merge at high temperatures into three traces, predicted by the highest melting homoduplex present (T/T for the A/T heterozygote, C/C for the A/C and C/T heterozygotes, and G/G for the A/G, G/T, and C/G heterozygotes). All genotypes can be distinguished from each other with highresolution melting analysis.
The genomic SNPs shown in Fig. 1 include all four classes of SNPs. Table 1 Complete genotyping of HFE C187G by high-resolution melting analysis was possible by spiking in a known genotype into the unknown sample. Fig. 5A shows the result of mixing wild type amplicons with unknown homozygous amplicons after PCR.
If the unknown sample is wild type, the melting curve does not change. However, if the unknown sample is homozygous mutant, heteroduplexes are produced and an additional low temperature transition appears. An alternative spiking option is to add a known genotype to the unknown sample before PCR. If a small amount of wild type DNA is added, wild type samples generate no heteroduplexes, homozygous mutant samples show some heteroduplexes, and heterozygous samples result in the greatest amount of heteroduplex formation (Fig 5B) . Table 2 shows complete concordance between fluorescent hybridization probe (HybProbe) and high-resolution amplicon melting methods for 167 samples. 
DISCUSSION
There are many ways to genotype SNPs (25) . Available techniques that require a separation step include restriction fragment length polymorphism analysis, single nucleotide extension, oligonucleotide ligation and sequencing. Additional methods, including pyrosequencing (26) and mass spectroscopy (27) , are technically complex but can be automated for high-throughput analysis.
Homogeneous, closed-tube methods for SNP genotyping that do not require a separation step are attractive for their simplicity and containment of amplified products.
Most of these methods are based on PCR and use fluorescent oligonucleotide probes.
Genotyping occurs either by allele-specific fluorescence (28, 29) or by melting analysis (30) . Melting analysis has the advantage that multiple alleles can be genotyped with one probe (31) . Most of these techniques can be performed after amplification is complete, even though they are often associated with real-time PCR (32) (33) (34) (35) (36) .
Some closed-tube fluorescent methods for SNP genotyping do not require probes.
Allele-specific PCR can be monitored in real-time with SYBR Green I (5). The method requires three primers, two PCR reactions for each SNP, and a real-time PCR instrument that can monitor each cycle of PCR. An alternate method uses allele-specific amplification, SYBR Green I and melting curve analysis at the end of PCR (6).
Monitoring each cycle is not necessary and an SNP genotype can be obtained in one reaction. However, a melting instrument and three primers are necessary with one of the primers modified with a GC-clamp. Both techniques are based on allele-specific PCR and each allele-specific primer is designed to recognize only one allele. Although conventional real-time instruments can be used for melting (Fig. 2) , their resolution is limited. Small Tm differences between homozygotes (e.g., Fig. 4E ) are not distinguished on the LightCycler (data not shown).
Dedicated melting instruments have recently become available (LightTyper,
Roche; HR-1, Idaho Technology). The HR-1 provides the highest resolution and is by far the least expensive. Although only one sample is analyzed at a time, the turn-around time is so fast (1-2 min) , that the throughput is reasonable. The LightTyper is an interesting platform for high-throughput melting applications. However, the temperature homogeneity across the plate needs to be improved before homozygotes can be reliably distinguished (data not shown).
Can all SNPs be genotyped by simple high-resolution melting of small amplicons? Studies with engineered plasmids of all possible base combinations at one location initially suggested that the answer was, "yes" (Fig. 3 ). Heterozygotes were always easily identified. Whether the different homozygotes were easy to distinguish depended on the class of SNP ( Table 1 ). The six possible binary combinations of bases (C/T, G/A, C/A, G/T, C/G, and T/A) group naturally into 4 classes based on the homoduplex and heteroduplex base pairings produced when a heterozygote is amplified.
SNP homozygotes are easy to distinguish by Tm in the first two classes because one homozygote contains an A::T pair and the other a G::C pair. These short amplicons show homozygotes Tm differences mostly between 0.8-1.4°C and these two classes make up over 84% of human SNPs (38) .
It is more difficult to distinguish the homozygotes of SNPs in class 3 and 4 (Table   1 ) because the base pair (A::T or C::G) is simply inverted, that is, the bases switch strands but the base pair remains the same. Differences in amplicon Tm still result from different nearest neighbor interactions with the bases next to the SNP site, but are usually less than 0.4°C (Fig 3A, Fig. 4D and 4E). Class 3 and 4 SNPs make up about 16% of human SNPs. Genotyping of homozygotes is still possible in most cases with highresolution analysis.
Clinical SNPs of each class were selected for concordance studies with standard genotyping methods. Factor V (Leiden) G1691A and prothrombin G20210A were class 1 SNPs, MTHFR A1298C was class 2, HFE C187G was class 3 and β-globin (HbS)
A17T was class 4.
The class 3 SNP studied (Fig. 4D ) was unique in that we could not discriminate the different homozygotes by Tm using simple melting analysis. Inspection of the bases neighboring the SNP site reveals why (Fig. 1D ). In this case, the neighboring bases are complementary, resulting in nearest neighbor stability calculations that are identical for the two homozygotes. To the extent that nearest neighbor theory is correct, the duplex stabilities are predicted to be the same. By chance alone, this nearest neighbor "symmetry" is expected to occur 25% of the time. When this occurs in class 1 or 2 SNPs, nearest neighbor calculations indicate that the stability of the two heteroduplexes formed are identical. This is not of consequence to SNP typing because all three SNP genotypes still have unique melting curves. However, nearest neighbor symmetry in class 3 or 4
SNPs predicts that the two homoduplex Tms (homozygous genotypes) are identical. This will occur in approximately 4% of human SNPs.
When nearest neighbor symmetry of class 3 or 4 SNPs predicts that the homozygotes will not be distinguished, complete genotyping is still possible by spiking the reactions with a known genotype, either before or after PCR. If amplicon is spiked after PCR, only the homozygotes need to be tested, but potential amplicon contamination is a disadvantage. Spiking before PCR requires either that the DNA concentration of the samples is carefully controlled or that samples are run both with and without spiked DNA.
High-resolution amplicon melting with LCGreen I can also be used to scan for sequence differences between two copies of DNA (1). In mutation scanning, the method is similar to other heteroduplex techniques such as denaturing high performance liquid chromatography (39) or temperature gradient capillary electrophoresis (40) . However, high-resolution melting is unique in that homozygous sequence changes can often be identified without spiking. In the case of SNP genotyping with small amplicons, spiking is rarely required. Figure 1 . Details of the SNPs studied including the primer positions and the SNP class (see Table 1 Table 1 ). The larger the ∆Tm, the easier it is to differentiate the homozygous genotypes. Approximately 4% of human SNPs have a predicted ∆Tm of 0.00°C and are expected to require spiking with known homozygous DNA for genotyping of the homozygotes. 55ºC (35) 
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